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ABSTRACT OF DISSERTATION

Determination of Stellar Parameters through the use of All Available Flux Data and
Model Spectral Energy Distributions
Basic stellar atmospheric parameters, such as e↵ective temperature, surface gravity,
and metallicity plays a vital role in the characterization of various stellar populations in the Milky Way. The Stellar parameters can be measured by adopting one
or more observational techniques, such as spectroscopy, photometry, interferometry,
etc. Finding new and innovative ways to combine these observational data to derive reliable stellar parameters and to use them to characterize some of the stellar
populations in our galaxy is the main goal of this thesis.
Our initial work, based on the spectroscopic and photometric data available in
literature, had the objective of calibrating the stellar parameters from a range of
available flux observations from far-UV to far-IR. Much e↵ort has been made to
estimate probability distributions of the stellar parameters using Bayesian inference,
rather than point estimates.
We applied these techniques to blue straggler stars (BSSs) in the galactic field,
which are thought to be a product of mass transfer mechanism associated with binary
stars. Using photometry available in SDSS and GALEX surveys we identified 85
stars with UV excess in their spectral energy distribution (SED) : indication of a
hot white dwarf companion to BSS. To determine the parameter distributions (mass,

temperature and age) of the WD companions, we developed algorithms that could
fit binary model atmospheres to the observed SED. The WD mass distribution peaks
at

0.4M , suggests the primary formation channel of field BSSs is Case-B mass

transfer, i.e. when the donor star is in red giant phase of its evolution. Based
on stellar evolutionary models, we estimate the lower limit of binary mass transfer
efficiency

⇠ 0.5.

Next, we have focused on the Canis Major overdensity (CMO), a substructure
located at low galactic latitude in the Milky Way, where the interstellar reddening
(E(B V )) due to dust is significantly high. In this study we estimated the reddening,
metallicity distribution and kinematics of the CMO using a sample of red clump (RC)
stars. The average E(B

V ) (⇠ 0.19) is consistent with that measured from Schlegel

maps (Schlegal et.al. 1998). The overall metallicity and kinematic distribution is
in agreement with the previous estimates of the disk stars. But the measured mean
alpha element abundance is relatively larger with respect to the expected value for
disk stars.
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Chapter 1 Introduction

The universe as we find it today, was created by the Big Bang about 13.8 Gyrs ago
([1]). After few billion years after the Big Bang, the Galaxies are formed. Understanding how these Galaxies formed and evolved through time is one of the fundamental
objectives in modern astronomy.
Our home in the universe, Milky Way, gives us an unique opportunity to achieve
this goal by measuring and analyzing the stars spread throughout the Galaxy. The
Milky way galaxy consists of several billion stars of di↵erent ages, masses and sizes.
The determination exact distribution of these stars is a difficult task, simply because
we are living inside of it. But thanks to modern astronomy we have a good enough
picture about the structure of our Galaxy. Milky way consists various stellar populations, each characterized by distinct spatial distribution, kinematics, and chemical
content. The Milky Way is usually modeled by three discrete components;the thin
disk, the thick disk, and the halo. However, these are by no means pure smooth distributions of stars, but rather combination of many di↵erent substructures. Due to
the invention of modern sky surveys, evidence for much more complex substructures
like stellar streams and overdensities are found.
Stars with initial masses between about 0.8 and 8 M dominate the stellar populations in our Milky Way Galaxy. In this thesis we will be concerned with such
low-intermediate mass stars, therefore the following discussion on stellar evolution is
limited only to those stars.

1.1

Stellar Evolution

After the big-bang only hydrogen, helium and traces of lithium and deuterium were
formed. All other elements identified today, including the main component of human
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bodies, carbon, were formed later. Most elements lighter than iron are formed in
main-sequence and old stars, while elements heavier than iron are originated in dying
stars. Stars consist of roughly 6% percent of the baryonic matter [2].
According to recent observational studies, long thin filaments were formed inside
molecular clouds and, next, these filaments fragment into protostellar cores due to
gravitational instability, when their linear density exceeds a certain threshold. [3] An
object may be called a star if it is able to generate energy by nuclear fusion at a level
sufficient to stop the contraction due to gravity.
A star like the sun, but in general all the low-intermediate stars with masses
between 1-8 M spend almost 90% of their life on the main sequence (MS) of the
Hertzsprung-Russel diagram, which represents the luminosity of a star as a function
of its e↵ective temperature (Figure 1.1).
At this stage, stars keep their equilibrium through thermonuclear reactions, p-p
chain or the CNO cycle, which convert Hydrogen into Helium. When a star exhausts
its initial hydrogen supply in the core, the main sequence phase arrives to its end
and the star begins to contract until the temperature and density are high enough to
ignite hydrogen in a shell around the hydrogen-exhausted core. This, in turn, causes
the star to expand and climb up the Red Giant Branch (RGB)
The evolution on the red giant branch is much faster than main sequence phase.
When hydrogen exhausted in the core, the star begins to burn hydrogen in a shell
around the core. when the convection in the envelope moves in to the region where
nuclear reactions taking place, it can dredges up the material that has been produced
by p-p chain and CNO cycle. This could alter the chemical composition of the outer
surface of the star. At this stage the star starts to loose mass from its outer boundary
through a slow stellar wind.
Stars with initial mass less than 2.2 M develop a semi-degenerate core during
the RGB phase. It accretes mass from the shell without contracting and remains
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Figure 1.1: Hertzsprung-Russel diagram for globular cluster M55. Adopted
from http://www.atnf.csiro.au/outreach/education/senior/astrophysics/
stellarevolution_clusters.html
isothermal. Due to the partial degeneracy of the core the helium combustion temperature is lowered and initiate the 3↵ reaction causing a thermonuclear runaway. This
semi-explosive ignition of helium burning is called He-flash.
Once the He-flash is finished star lands in the so called Zero Age Horizontal Branch
in the HR diagram. For low mass stars the He-flash occurs when the core mass reaches
⇠ .5 M . This number is key to determine the position of the star lands in ZAHB.
Stars with small ratio of Mcore /Mstar lands in blue end of the ZAHB while stars with
larger ratio lands in red end of ZAHB. This is simply because the thicker envelope
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able to shield the hotter star and appear redder and cooler. For these reasons stars
with intermediate mass occupy the reddest part of the ZAHB, creating the so called
red-clump. During horizontal branch phase stars burn helium in their cores stably,
via 3↵ reaction. Once the helium is exhausted in the core star starts to move towards
the Asymptotic Giant Branch (AGB).
At the end of HB phase, stellar core consisting of carbon and oxygen. During
the early AGB (EAGB) phase the shell of hydrogen, still on, continues to deposit
helium in the layer that separates it from the core of C-O, making it more and more
degenerate. Again similar to He-flash, the degeneracy lowers the ignition temperature
of the helium until the shell lights up in a semi-explosive way. The shell of helium
becomes dominant, and continues to deposit CO on the core, making it more and
more degenerate. At the same time the inter-shell stops progressively to expand until
the shell of hydrogen returns to dominate. During this phase of EAGB, the stars
with the mass larger than 4.6M
can experience the second chemical mixing process. As already mentioned, the
expansion of the structure allow the convection layers to penetrate from the outside.
If this is sufficiently deep to arrive to the inter-shell, it can bring the elements such
as He, C, N, O, to the surface which are the products of combustion of hydrogen.
The next phase is called Thermally Pulsing AGB (TPAGB) and during this period
stars experience multiple thermal pulses. The fundamental process that occurs during
TPAGB is the third dredge-up. The mixing during third dredge-up involves extremely
profound regions of the star (⇠ 75 percent of the structure) and generates chemical
signatures that di↵er form those characterizing the other two dredge-ups, such as an
increase of the abundance of carbon at the surface.
During the entire duration of the AGB phase, the stars su↵er substantial mass
loss. This is due to the fact that the envelope of these stars is expanded and cooled,
therefore causing to from layers of molecules and dust, which are then removed as
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stellar wind by the e↵ect of radiation pressure.
After about a dozen thermal pulses, the latest expansion is sufficient to allow the
release of the outermost layers around the nucleus of CO which is rapidly becoming
fully degenerate. With this phase, known as post-AGB, the nuclear-active evolution
of the stars ends leading to the final stages of a stars life.
Stars with low-intermediate mass end their life cycle as white dwarf stars. The
white dwarfs consists of the fully degenerate core and very thin outer layer. These
objects evolve by cooling down at constant radius.

1.2

Stellar Parameters

In order to fully describe a star, a number of parameters should be known. The
mass M, the luminosity L, and the radius R can be considered as the first order
parameters that describe a star. Models of stellar evolution and stellar atmospheres
are based on these parameters. In order to test stellar evolution theory and the
stellar atmosphere theory, high-precision measured fundamental parameters for stars
in various evolutionary stages are needed.
The set of parameters based on L,M and R are used in studies that are closer
to directly observed quantities. Among those the e↵ective temperature Tef f and the
logarithmic of surface gravity log g are the most useful parameters, given by following
equations.

Tef f =
where,

L
4⇡R2

(1.1)

is the Stefan-Boltzmann constant.

g=

GM
R2

where G is the gravitational constant.
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(1.2)

Most evolutionary calculations are presented as isochrones, i.e. mass dependent
tracks of constant age, in a HR diagram.
In addition to the e↵ective temperature and the surface gravity, the chemical
composition of a star is required to fully understand the system.
Most common term used in astronomy to describe the chemical composition of an
astronomical object is called metallicity (Z), which is the mass fraction of elements
which have larger atomic numbers that hydrogen or helium. Together with the mass
fraction of hydrogen (X) and helium (Y ) that covers the whole range of elements
(with Z + X + Y = 1). One often use the solar metallicity Z = 0.0169 as a reference,
with X = 0.7346 and Y = 0.2485 ([4]). The metallicity is an important attribute
since it will e↵ect the properties of a galaxy. Typically only one mettalicty is being
measured. For example the Fe abundance, since it is usually the easiest to measure.
The usual convention is to represent the metallicity with respect to the value of the
sun. i.e

[F e/H] = log10

(F e/H)
(F e/H)

(1.3)

In addition to the parameters discussed above, few more parameters may be required to fully describe the physics of a star. These parameters include angular
momentum, magnetic field, mass loss rate and pulsation period.
All of these parameters evolve as a function of time, where the zero-point is usually
defined when the star appears first on the main sequence, i.e. the so so-called zero age
main sequence (ZAMS). Therefore in order to compare the observations to theoretical
models, the age of the star is required as an additional parameter in some cases.

1.3

Measuring stellar parameters

Fundamental stellar parameters mentioned in previous section, such as e↵ective temperature and surface gravity, can be measured using one (or more) of several types
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of observations, such as spectroscopy, photometry, interferometry, etc. This inference
can be achieved by using theoretical models or empirical calibration library constructed beforehand. Then the stellar parameters can be obtained from the model
or the standard star (in empirical libraries) that best fits the observed quantities.
The spectra obtained from high-resolution spectrographs with high signal to noise
ratio (S/N ) gives the most precise estimations for stellar parameters. Among others
the study of hydrogen barlmer lines, the excitation and ionization balance of iron
lines , line ratios and spectral synthesis are the basic techniques used in spectroscopic
studies.
Photometric measurements, which are relatively cheap to obtain compared to
spectroscopy , are used to estimate stellar parameters for large numbers of stars.
It is well established that photometric colors are particularly useful for estimating
Te↵, capable of producing a typical scatter of < 0.01dex relative to spectroscopic
measurements, even in cases where only a single photometric color is available ([5]).
Photometric estimates of surface gravity and metallicity, on the other hand, have
proven more challenging.
Methods based on machine learning provide a promising pathway to estimate
stellar parameters more accurately. The algorithms defining these methods are datadriven, built to learn relationships between observables and parameters of interest
without relying on parametric physical models. Using machine-learning classifiers
Debosscher et al. (2007, [6]) and Dubath et al. (2011, [7]) were able to successfully
classify the variable stars.

1.4

Outline of this Thesis

The main purpose of this thesis is to measure accurate stellar parameters of stars, aiming to find the statistical clues to characterize the stellar populations in our Galaxy.
In order to reach this goal it is necessary to find more precise methods of determina-
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tion of stellar parameters, especially the e↵ective temperature (Tef f ), surface gravity
(log g) and metallicity ([F e/H]). To achieve this, several techniques were implemented such that all available data being used to construct the energy distribution
of a given star.
At first we studied the Spectral Energy Distributions (SED) of old metal poor
A-type stars aiming to upgrade the UV calibration of these stars. For that we used
a sample of stars that have IUE and NGSL spectra in addition to the accurate photometry. Here we introduced a probabilistic method to infer stellar parameters using
the observed SED. This study is presented in Chapter 2.
In Chapter 3 we present the results of detecting the Blue Straggler-White Dwarf
(BSS-WD) binaries in the Galactic field. The fitting using the composite SED of the
binary we identified eighty stars with WD companions. Here we present the potential
mass transfer histories based on the parameters determined via SED fitting.
In chapter 4 we present a study on Canis Major Overdensity (CMO). We used
data-driven method to infer the stellar parameters of the sample of stars towards CMO
in order to select Red Clump (RC) stars. We used RC to measure the reddening,
kinematics and chemical content towards the CMO.
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Chapter 2 Stellar Parameters in UV

2.1

SED

The observed spectral energy distribution (SED) of a star can reveal a lot information
about the properties of the star. The total radiation emitted by a star depends on
various complex physical processes of the star and one has to be able to disentangle the
components which make up the SED in order to understand those physical processes.
The radiation received at the Earth surface depends not only on the radiation emitted
by the star alone, but also on the interstellar processes that modifies the SED by
absorbtion and scattering of the photons.
Stellar SED can be studied by using broad band photometry, where the flux is
measured over a certain range of wavelength. The flux in di↵erent bands is measured
via a filter which will only let through light of certain wavelengths, in a range specific
for each band. Depending on the specifications of the telescope and the instrument,
the flux is only measured in a limited number of bands. Therefore, to fully sample
the SED of a star, a combination of instruments/telescopes is necessary.
To be able to determine the stellar atmospheric parameters that shaped the flux
distribution coming out of the star we need to fit the model atmosphere flux to the
observations.

2.2

SED Fitting UV

The importance of using ultra-violet photometry in stellar studies was pointed out
in many studies (eg.[8]). UV is useful in characterizing the metalicity and the star
formation history of young stellar populations ([9]), to study the ↵ element enhancement of stars ([10]) and to estimate the uv-upturn ([11], [12]) or the contribution of
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blue horizontal branch stars to the integrated flux in galaxies.

Figure 2.1: The sensitivity of flux distributions to Te↵, log g and [M/H]. The solid
line is for a model with Te↵ = 7500, log g = 4.0 and [M/H] = 0.0. The dotted and
dashed lines indicate models with one of the parameters adjusted, as indicated. All
fluxes have been normalized to zero at 5556.
In a simple stellar population (SSP) the blue wavelengths are highly sensitive to
the hot stars like main-sequence turno↵, blue horizontal branch(BHB) or blue strag10

gler stars (BSSs). Figure 2.1 shows the sensitivity of the flux distribution to the
various atmospheric parameters for an A-type model star. There is significant variation in the fluxes in UV region compare to the optical part when the model parameters
are varied. The luminosity from these stars can have an important contribution to
the integrated spectra ([13],[14]). It is vital to distinguish between the old and young
stellar populations that contribute to the UV flux in order to properly characterize
the stellar population. That process relies on identifying the di↵erent contribution to
the di↵erent parts of the spectral energy distribution (SED). Therefore, combining
optical and UV data is important aspect in SED studies. ([15])
Overwhelming majority of studies use Kurucz atmospheric models when comparing observed SED to synthetic SED to determine the stellar parameters. In optical
wavelengths these synthetic spectra agreed fairly well with energy distributions of real
stars having the same physical parameters. However, when fitting with UV fluxes
the disagreement occurred between the model and observed fluxes. This is especially
noticeable in the studies done using the earlier version of Kurucz models.([16]) Later
Kurucz developed improved version of models with new opacity distribution functions
(ODFs), with new atomic and molecular lines and were successful to certain degree
in solving the issue of UV fluxes.
The object of this chapter is to determine how the UV flux of A-type stars like
blue stragglers or blue horizontal branch stars a↵ect the stellar parameter determination via SED fitting. Here we present our method of multi-band SED fitting based
on Bayesian probabilistic inference to determine the stellar atmospheric parameters
which uses all the available photometric data for a given object. We test our method
for sample of A-type stars (either BHB or BSS) that have good spectroscopic and/or
photometric data and well determined stellar parameters.
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2.3

Stellar Libraries

In order to study the UV behavior in SEDs of blue horizontal branch and blue straggler stars we require stars that have good spectroscopic data from far UV to near IR.
Unfortunately most spectral libraries limited to the optical region of the SED. The
lack of libraries extending blueward 3500 Å has prevented the building of models that
allow us to perform detailed studies, such as those performed in the optical range.
2.3.1

IUE

This is the fist available stellar UV library ([17]). This contains low resolution spectra
for about 218 stars mostly with solar metallicity. The spectra were collected from
International Ultraviolet Explorer (IUE) satellite, with wavelength coverage 1300 to
3400 ([18]). The library essentially composed of stars exhibiting normal behavior in
the ultraviolet. Even though this is quite a small sample when compare to the size
of the modern optical libraries, the di↵erence between the available optical and UV
libraries is quite significant. One of the shortcomings of the IUE is that the coverage
in metallicity is mostly limited to solar values. According to our estimates only about
30 stars of the library have the metallicities less than -1.
2.3.2

The New Generation Spectral Library

A significant step regarding UV spectral libraries was later made by the New Generation Spectral Library (NGSL) (2009,[19]). The observation were made by the Imaging
Spectrograph (STIS) onboard the Hubble Space Telescope (HST). The stellar spectra
of the NGSL cover the range 2300-9000 at resolution R ⇠ 1000. But unlike the IUE,
it does not reach the Far UV wavelengths. However the 374 stars of this library were
rigorously chosen to have a good coverage in the space of atmospheric parameters.
NGSL spectra have a good coverage of stellar atmospheric parameters, with metallic-
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ities between -2.0 dex and 0.5 dex and spectral types from O to M for all luminosity
classes.

2.4

Data

By analyzing both IUE and NGSL libraries we were able to select 7 stars with welldetermined atmospheric parameters. These stars are listed in Table 2.1. From IUE we
used only low-resolution, large-aperture spectra. These stars have optical photometry
for Johnson B, V, R, and I bands and/or for strgomgren u, b, v, and y bands. In
some cases we found accurate multiple flux data for a given source, therefore we use
simple averaging in these cases. However, since some optical data are erroneous or
inconsistent, we decide not to use in our analysis. None of these stars have data in
UV broad-bands like FUV or NUV. Therefore we calculate synthetic magnitudes for
these stars using the observed spectra.
Our sample dominated by nearby stars with low E(B-V). Therefore the e↵ect on
SED from interstellar reddening is small. This is important in our study because
the interstellar reddening a↵ects the blue wavelengths significantly. We dereddened
our spectra using the IDL de-reddening routine CCM U N RED.P RO which uses
the Fitzparick (1999) parametrization of the Milky Way extinction curves (Cardelli,
Clayton 1989, [20]).

2.5
2.5.1

Analysis
Comparison of the Model and the Observed Spectra

Figures 2.2 and 2.3 compare the combined IUE + NGSL spectrum of a star to the best
fit model spectrum. The best fit model was chosen based on the stellar parameters
available in literature. The model spectra for specific Tef f , log gand[F e/H] were
obtained by interpolating the Kurucz model grid. For that purpose we used the
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spectrum synthesis package, SPECTRUM ([21]). SPECTRUM synthesizes stellar
spectra assuming a plane-parallel atmosphere geometry and local thermal equilibrium
(LTE) which is consistent with Kurucz ATLAS12 models. we interpolate the Kurucz
models using kmod IDL package.1 . kmod interpolates linearly a Kurucz model for
the desired values of e↵ective temperature, surface gravity and metallicity using 8
surrounding models.
For all the stars in our sample the matching between energy distributions is relatively good. However, some stars show deviation from the model spectrum at FUV
wavelengths. For example the stars HD86986, HD2857, HD74721 and HD109995
show larger flux relative to the model spectrum below 2000 Å. We estimate this
di↵erence by taking the average flux in the region below 2000 Å for both spectra, and
noticed that observed spectra have 10-15 % stronger flux in far-UV. But if we take
in to account the estimated errors for these parameters this di↵erence can be easily
accounted for.
Based on this investigation we can conclude that the Kurucz ATLAS12 models
agree quite well with the observed energy distributions of low-matallicity BHB or
BSS stars.
1

http://www.as.utexas.edu/ hebe/
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Figure 2.2: Comparison of the observed spectrum with the best fitting model spectrum for stars in our study.
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Figure 2.3: Comparison of the observed spectrum with the best fitting model spectrum for stars in our study.
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2.5.2

Constructing SED

We used grids of model spectra calculated by Kurucz(2004) in this study. We calculate
synthetic magnitudes based on these spectra for various bands including Johnson U,
B, V, R, I stromgren u, v, b, y and GALEX FUV and NUV.
The standard formula to calculate the synthetic magnitude for particular bandpass
is,

m=

R

f

2.5 log( Ri

f S d
f
i

S d

) + ZP

(2.1)

where f is the flux calculated at the surface of the star, and S is the response
function for a given passband and integration limits represent the wavelength interval
for a given passband. Response functions for the di↵erent passbands are shown in
Figure 2.4.
As mentioned above all of the stars in our sample have accurate optical photometry
in several bands. For the UV part of the SED we calculated the FUV and NUV
magnitudes using the combined NGSL and IUE spectra.
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Figure 2.4: Passband response functions from which synthetic magnitudes have been
computed. All curves are normalized to one, and as shown as function of wavelength.
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2.5.3

Bayesian Inference

There are many di↵erent codes available for SED fitting and most of them considers
the best-fit model parameters. This method can cause problems when the observational data covers a large wavelength ranges. Moreover, the errors associated with
the best-fit measurements can be physically meaningless sometimes.
In this study therefore we decided to use the Bayesian approach, for measuring
the goodness of fit between the observed and model data while incorporating the
statistical measurement errors. The key idea here is to obtain a full probability
distribution for a given parameter. The knowledge of the full distribution allows
to estimate meaningful confidence intervals for a given parameter. In addition a
full distribution can be reduced to a point estimate by computing the expectation
value, mode or standard deviation whenever necessary for tabulating or visualizing
purposes.

In Bayesian statistics, the posterior probability distribution p(✓/D) of the true
value of the model parameters ✓ given the observations D is proportional to the
product of likelihood function p(D/✓) and prior p(✓),

p(✓/D) / p(D/✓)p(✓)

(2.2)

Here p(✓) encodes any a priori knowledge about the parameters which we wish to
include in our model. It reflects our knowledge of the distribution of the parameters
in the absence of the observations D.
When we don’t have any prior information we can use a flat (or uniform) prior
for all of our parameters. Then we compute the likelihood of observing SED by
assuming normally distributed uncertainties on the observed magnitudes, such that
the likelihood function is given by,
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p(✓/D) / p(D/✓) = exp(

2
red )

(2.3)

where,
2

=

X

fmodel )2

(fobs

(2.4)

2
i

i

where i denotes the ith band and the sum is performed over all observed photometric bands of the star being fitted. The reduced chi-square,
where k is the degree of freedom: k = n

2
red

as defined by

2

/k,

m. Here n is the number of photometric

measurements and m is the number of free parameters in the model.
Taking the probability Pi = P (✓/D) as weights for each model, the expectation
value for a give parameter can be calculated.
P

x̂ = Pi

Also, the standard deviation,

x

2.5.4

=

sP

i

Pi x i
i Pi

Pi (xi x̂)2
P
i Pi

(2.5)

(2.6)

SED Fitting Results

We computed the posterior probability density for the stars in our sample and examples of them are shown in Figure 2.5.
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Figure 2.5: Example posterior joint distribution between Tef f and log g for a star in
our study. Color bar on right of plot represent the probability.

The whole sample follows the same pattern, where the posterior for log g and
[F e/H] is typically broad, while that of Tef f is relatively tighter.
The final expectation values and standard deviations calculated from these distributions are shown in Table 2.1.
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Object

Tef f (K)

log g (dex)

[F e/H] (dex)

HD2857
HD74721
HD86986
HD10995
HD93329
HD319
HD60778

7450/7560
8640/8500
7850/7790
8000/7900
8127/8200
8140/8090
8100/8130

2.6/2.9
3.55/3.3
3.1/3.0
3.5/3.2
2.8/3.1
4.3/3.7
2.7/3.

-1.6/-1.1
-1.48/-1.2
-1.5/-1.2
-1.7/-1.2
-1.2/-0.9
-0.7/-0.9
-1.4/-1.1

Table 2.1: Stellar parameters obtained from SED fitting compares to published values
(column format is published/SED fitting)

As shown in the Table 2.1 , our temperature values agree quite well with the high
resolution spectroscopic measurements. The log g and [F e/H] values are not as accurate as Tef f values, and has average scatter about 0.3 dex compare to the published
values. But the broader probability distribution in these parameters causes significantly larger errors in log g and [F e/H]. Typical errors are 150 K for temperature
and 0.6 dex for log g and [F e/H].

2.6

Summary

In this section, we evaluate the consistency between observed energy distribution of
metal-poor A-type stars and that of Kurucz(ATLAS12) models, especially focusing on
the UV wavelengths. We noticed that the observed and model energy distributions
agreed quite well overall, with slight deviation at far-UV wavelengths. We have
estimated that the model fluxes below 2000 Å predict less flux than the observed
flux.
In addition we measured the stellar parameters for these stars following a Bayesianlike probability SED fitting procedure. The purpose of this method was to use the all
available flux data from UV to IR, while considering the statistical significance of the
full model parameter space. The method successfully predict the temperature values
but there is significant scatter in surface gravity and metalicity measurements. This
22

suggests that the method is not very successful in breaking the degeneracy between
parameters. However, we emphasize the most useful aspect of the Bayesian inference
is the ability to incorporate pre-known information (prior) to the calculations. In our
method we treated all the parameters with equal probability (flat priors). By using
appropriate priors for the parameters can in principle break the degeneracies between
parameters and give more accurate estimates.
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Chapter 3 Blue Straggler Stars in the Galactic Field

3.1

Introduction

3.1.1

Blue Straggler Stars

Blue Straggler stars were first discovered in a photometric study of globular cluster
M3 by Sandage in 1953. [22]. They are identified by there position in color magnitude
diagram, in which they appear along the extension of the main sequence but more
bluer and brighter than the main sequence turn-o↵ and apparently younger than the
most of the stellar population. The BSS sequence is a typical feature of most of the
globular clusters.(Figure 2.1) Moreover, since Sandages discovery blue stragglers have
been observed in many stellar environments,like , open clusters [23] , globular clusters
[24], dwarf spheroidal galaxies [25] and galactic field.[26]
Interestingly, the single stellar evolutionary theory failed at explaining the existence of BSS sequence in CMD of steller populations. Even though exact mechanism
of the formation of blue stragglers is not fully understood there are two theories popular among astronomers . Both theories rely on the basic idea that BSS are formed
by adding mass to a main sequence star in a binary or multiple stellar system via
some mechanism.
(1) Merger between stellar systems
This could happen in many scenarios: merger of a contact binary, merger during
a dynamical encounter and a merger of an inner binary in hierarchical triple system. Direct stellar collision will result in a slower rotating BSS. Binary coalescence,
however, will result in a faster rotating object (if the pair is of similar mass).
(2) Mass transfer between two stars in a binary system.
This is the case where the more massive star in a binary system transfers material,
24

Figure 3.1: Observed CMD for M67. The axes are the color and magnitude labeled
with the central wavelengths. The pentagonal points are the blue stragglers more luminous than the main-sequence turno↵, the squares the intermediate-color stragglers
and clump giants, including one possible AGB star.Adopted from [27]

during its post main-sequence phase,to its companion star. If the mass transfer is
stable, this may add sufficient mass to the secondary to convert it into a blue straggler.
This appears to be the main formation channel for BSS.
By comparison, BSS formation via the mechanisms involving single stars were
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either discredited or believed to be much rarer. Some of the interesting ideas related
to single star BSSs are : delayed or late star evolution, extended main sequence
lifetimes due to large scale mixing [28] , highly evolved stars that happened to land
close to the normal main sequence and tidal capturing of young Galactic field stars.
3.1.2

Mass Transfer via Roche-Lobe Overflow

The Roche lobe is the region around a star in a binary system within which orbiting
material is gravitationally bound to that star. It is an approximately circular-shaped
region bounded by a critical gravitational equipotential, with the apex of the tear
drop pointing towards the other star (the apex is at the L1 Lagrangian point of the
system). When the radius of a star in a binary system becomes larger than its RocheLobe, it will transfer mass to its companion star as shown Figure 3.2. This mechanism
is called Roche lobe overflow (RLOF). It was one of the first models suggested for
the origin of BSS [29].
In a cluster of stars , when the accretor is a main sequence star and accrete enough
material to increase its mass above that of the cluster turno↵, a blue straggler is
formed.
The product of binary mass transfer depends on several characteristics of the
system:
1. the evolutionary status of the donor : this implies its complete internal structure
2. the structure of the donor envelope
3. the mass ratio of the binary
4. the type of the accretor
The nature of all these properties are responsible for the stability of the mass
transfer and for its final product.
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Figure 3.2: The evolutionary pathway to produce blue straggler stars (BSSs) through
mass transfer. First the bigger primary evolves o↵ the main sequence and fills its
Roche lobe. Then secondary gains mass from the primary becoming a BSS
Generally the mass transfer binaries are classified on the basis of what state of
evolution the donor is in ([30])
Case A: during hydrogen burning in the core of the donor.This can happen if
the orbital separation of the binary is small (usually a few days).
Case B: after exhaustion of hydrogen in the center of the donor (red giant phase).
In this case orbital period is less than about 100 days, but longer than a few days.
Case C: after exhaustion of central helium (He) burning (AGB phase). Here the
orbital period is above 100 days.
It is believed that Case A mass transfer is more likely to be result in the coelescense
of the two stars.(for example [31]) In that sense it can be treated as one of the
merger scenarios. According to the binary evolution simulations ([31] etc.), in order to
produce a BSS via Case B and Case C, the mass transfer has to stable. During stable
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mass transfer the donor stays within its Roche-lobe. Therefore the stability of the
mass transfer depends on donors response to the mass loss and on how conservative
the process is and what are angular momentum loss processes in this binary.
Given stable mass transfer, case B mass transfer leaves a He white dwarf companion bound to the blue straggler, while Case C mass transfer leaves a CO white dwarf
companion.
3.1.3

Field Blue Straggler Stars

For given stellar population the dominant formation channel of BSSs depends on its
environment. The BSS in galactic field, where the stellar number density is much
lower than globular clusters, were formed primary due to mass transfer [26]. High
resolution study of Field BSS done by Preston an Sneden [26] suggested that 60
% their sample were binaries. Moreover they concluded that the great majority of
field BSSs probably created by Roche-lobe overflow during red giant branch evolution
(Case B). Ryan et. al. ([32])studied lithium deficiency and rotation of the BSS and
came to the conclusion that these stars can be regard as mass transfer binaries.
The origin of BSS in the Galactic field is related to the formation of the Galactic
halo as well. In addition to the idea of in situ origin, Preston ([33]) argued that
modest fraction of BSS could be a stellar population belong to an accreted Galactic
satellites similar to Carina dSph.
While we have an overall understanding of how blue stragglers could be formed
via di↵erent mass transfer mechanisms, stellar evolution theory is far from predicting
the exact nature and the frequencies. To test the theory with observations, it is vital
to identify the clean sample of mass transfer candidates. Since blue stragglers in
globular clusters are contaminated by those formed via collisions, blue stragglers in
a field are the best candidates for a clean sample of mass-transfer BSS.
As mentioned in the last section the mass-transfer process result in BSS with a
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white dwarf companion. BSS are much brighter than WDs at optical wavelengths so
,such binaries are hard to find. But if the WD companions to BSS are young and
hot, they can be detected at ultraviolet wavelengths. This opens the possibility to
detect the mass transfer formation of BSS.
3.1.4

White Dwarf Stars

White dwarfs are the end product of stellar evolution for the low-intermediate mass
main sequence stars. In fact, more than 95 % of all stars are expected to end their
lives as white dwarfs. In white dwarfs gravitational collapse in prevented by the
pressure of degenerate electrons, rather than the thermo-nuclear reactions. One of
the key features of white dwarfs is the cooling sequence, i.e. white dwarfs decrease
their luminosity as they age.
Based on the composition of the thin atmosphere, white dwarfs classified into
several types. White dwarfs that have hydrogen dominated atmospheres are called
DA white dwarfs, while white dwarfs have helium dominated atmospheres are called
DB. DA white dwarfs are the most common type. There gravity is so strong such that
all the heavy elements are sinked down below the visible layers. This will create a
thin pure hydrogen atmosphere in the white dwarf. In hot (young) white dwarfs this
sedimentation process happens happens very quickly because the di↵usion time scales
are only of the order of days. In the case of DB white dwarfs (pure He atmospheres),
the outer H layer has been completely lost, and He as the next lightest element floats
up to the top.
A small number of white dwarfs (less than 10 % of total WD observed) are composed of di↵erent elements in their atmospheres, such as C (DQ) and other heavy
elements (DZ). Hot white dwarf atmospheres composed of ionized He are called DO,
and cool stars which show no identifiable features are labelled as DC.
Pre-white dwarf atmospheres are mainly composed of He and/or a mixture of C,
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N and O, or H depending on the previous evolution from the MS. The H-rich stars
remain their whole lives as DA. He- and CNO-rich stars initiate their life as hot DO
and the di↵usion of heavy elements is supposed to leave behind a surface of H as
they cool. Below Te↵ < 10000 K, the chemical evolution of the WD becomes more
complicated and is not fully understood.
This chapter focuses on the detecting the mass transfer field BSSs from the SDSS
survey and use them to characterize the formation histories.
3.2

Analysis

3.2.1

Identification of Field Blue Straggler Stars

The stellar population in Galactic field is di↵erent from the other two principal Galactic populations, thick and thin discs. While the stars in the halo field are old and
metal poor the stars in discs are young and metal rich. But separation of these
populations is not easy because the distributions overlap.
Over the years many photometric studies have been done to identify field BSS,
primarily using color-color plots. For example Yanni et. al ([34]) identified 2700 field
BSSs using SDSS photometry . Sirko et. al used SDSS photometry in combination
with spectroscopy to identify field BSSs ([35]).
The data used for this study were taken from the Sloan Digital Sky Survey Data
Release 12 (SDSS DR12) and Galaxy Evolution Explorer (GALEX) GR5, an ultraviolet survey.
3.2.2

SDSS Data

SDSS is an optical photometric and spectroscopic survey that obtains its data from a
2.5 m telescope in Apache observatory in New Mexico. SDSS DR12 o↵ers the latest
data from SDSS project 3. It provides photometry in 5 bands (u, g, r, i and z)
for 400 million objects spanning a magnitude range 15-22 and covering 11500 deg 2 ,
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approximately quarter of the celestial sphere. The detection limit for point sources
with 1 arcsecs seeing is 22.3, 23.3, 23.1, 22.3 and 20.8 magnitudes on the AB system
respectively, at an air mass of 1.4. Also DR12 includes low resolution spectroscopy
with resolution R 1̃800 and wavelength coverage 3800-9200A, for about 2 million
objects.
Using the SDSS photometry field BSSs can be identified using the u-g vs g-r
color-color plot using the following color cuts.(Figure 3.3)

0.60 < (u

g) < 1.60

0.20 < (g

r) < 0.05

(3.1)

(3.2)

This area in the color-color diagram is populated by A-type stars including high
gravity BSS and low gravity BHB stars. Therefore, in order to separate the BSS from
BHB stars one would need stellar parameters for individual stars. For that purpose
we employed the current version of the Extension for Galactic Understanding and
Exploration (SEGUE) Stellar Parameter Pipeline (SSPP) [37].
SSPP uses 8 primary methods for the estimation of e↵ective temperature, Tef f ,
10 for the estimation of logg and 12 for the estimation of [F e/H]. Typical errors for
the SSPP measurements are, (Tef f ) = 200K, (logg) = 0.4dex, and ([F e/H]) =
0.3 dex (These evaluations are for the stars that have spectra signal to noise ratio
(S/N = 25), so these errors increase as the S/N decreases.)
The stars selected via the initial color cut using equation 3.1 and 3.2 were plotted
in Tef f

log g plane as shown in Figure 3.4. The two sequences of low gravity BHB

and high gravity BSS are clearly visible in the logg vs Tef f diagram. We select only
the BSSs above 7000 K to avoid contamination of other F,G type main sequence stars
and/or variable RR lyrae stars.
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Figure 3.3: The color selection in u-g and g-r used to select BHB and BS stars.
Adopted from Xue et.al. [36]

3.2.3

GALEX Data

The Galaxy Evolution Explorer (GALEX) was a NASA Small Explorer mission 1 ,
all-sky ultraviolet survey conducted from 2003-2013. It was performed in two ultraviolet(UV) bands Far-UV(FUV) and Near-UV(NUV). (Figure 3.5) The e↵ective
wavelengths are 1516 and 2267 angstroms for FUV and NUV bands respectively. It
consists of 0.5 m diameter modified Ritchey-Cheretien telescope which has a wide
1.25 degree filed of view and simultaneous imaging coverage in the FUV and NUV.
The image resolution of the instrument is 4.2” in the FUV band and 5.3” in the NUV
band. With pixels 1.5”, this translates to FWHM of approximately 2. pixels in the
1

See http://www.galex.caltech.edu for more information.

32

Figure 3.4: BSS-BHB separation in SDSS data using the stellar parameters
FUV and 3.5 pixels in the NUV.
The main survey of the mission is the All-sky Imaging Survey (AIS), which covers
about 3/4 of the sky and has depth up to m(AB)21. During each observation period,
an average of 10 di↵erent fields (10 deg 2 ) are observed, with a typical exposure time
of 100 s and several hundred to 1000 objects observed per field. The AIS was designed
to complement other large surveys, primarily SDSS, and comprises the vast majority
of the data products produced by the mission.
The other GALEX surveys are deeper, but restricted to smaller fractions of the
observable sky. Medium Imaging Survey (MIS) exposures are a single orbit, typically
1500 s, and cover a total observed area of 1000 deg 2 with sensitivity mAB up to 23.
The Deep Imaging Survey (DIS) consists of 20 orbit exposures (mAB 25) over 80
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Figure 3.5: Transmission curves for GALEX bandpasses
deg 2 and is designed to overlap with existing multiwavelength coverage.
3.2.4

Cross-Identification of sources

Most GALEX observations are designed to cover regions of the sky already observed
by the SDSS at a comparable depth (Figure 3.6).
In order to construct spectral energy distributions(SED) from UV to IR requires
to linking SDSS sources to GALEX counterparts. The matching was done online
using the CDS X-Match Service 2 , adopting a match radius of 5” . Such a match
highly depends on the positional accuracy and resolution of both surveys. Because
the GALEX images have lower angular resolution, we tallied instances of multiple
2

http://cdsxmatch.u-strasbg.fr/xmatch
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Figure 3.6: Footprints of the SDSS (green), GALEX AIS (blue) and MIS (red) imaging surveys [38]

matches (more than one potential optical counterpart per UV source). UV sources
with multiple optical matches inside the match radius must be treated with caution,
since the UV flux may be the composite of multiple stars. These are about 10% of
our total sample. The GALEX and optical positions of matched sources are within
2 arcseconds in the vast majority (> 90%) of cases, indicating consistency in the
astrometry and robust matching between the two catalogs. We restricted matches
that were closest-neighbor members of one survey to the other and vice versa.
Our final sample includes 2188 stars. Their GALEX and SDSS photometry are
given in Appendix 1 . The distribution of stellar parameters for these stars are shown
in Figure 3.7.
3.2.5

Extinction Correction

SDSS data were corrected for interstellar extinction using the extinction relations
given in Schafley(1998)([39]) while FUV and NUV were corrected for extinction using
the relations given Rey. et. al.(2007)([40]). The E(B

V ) were taken from Schelegal

et al.(1998)([41]). The extinction coefficients for each band are listed in Table 3.1.
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Figure 3.7: Stellar parameter distributions for filed BSSs selected in this study
3.2.6

UV-Excess Stars

The optical CMDs are usually dominated by the cool stars so that the characterization
BSSs or other hot stars like extreme blue horizontal branch or the binary star products
is difficult. In addition BSSs can be easily mimicked by photometric blends of subgiant branch (SGB) and red giant branch (RGB) stars in the optical CMD. Therefore
UV colors must be used to identify the special features of the BSSs.
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Bandpass

A/E(B-V)

FUV
NUV
u
g
r
i
z

8.16
8.9
4.239
3.303
2.285
1.698
1.263

Table 3.1: Extinction in di↵erent passbands
Identification of UV-excess stars based on their position in FUV/optical colorcolor plot is one useful application of UV photometry. Using GALEX and SDSS colors
together have enabled the discovery of white dwarf-main sequence (WDMS) binary
systems, i.e., binaries with WD primaries and late-type main-sequence secondaries
([42])
Smith, Myron A et al([43]) adopted a similar approach to identify the FGK-type
stars with excess UV in their spectral energy distribution. They used combined data
from GALEX satellite’s far-UV (FUV) and near-UV (NUV) bandbasses as well as
from the ground-based SDSS survey and the Kepler Input Catalog to identify stars
that exhibit FUV-excesses relative to their NUV fluxes and spectral types. They
considered the these UV excesses originate from various types of hot stars, including white dwarf DA and sdB stars, binaries, and strong chromosphere stars that are
young or in active binaries.They calibrate the UV-excess stars using their distribution
in (FUV - NUV) - Tef f plane (Figure 3.8).

In this study we identify UV-excess BSSs using a similar approach.
3.2.7

Temperature Sanity Check

Our method for selecting UV excess BSSs depend on the temperature of the stars.
Rahther than using SSPP values directly, as a sanity check we remeasured the tem-
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Figure 3.8: (FUV-NUV) vs. SDSS/DR7 Te↵ values from GALEX-SDSS data. Symbols denote 1 kK bins in Te↵. Solid symbols denote the stars used to define the
upper (FUV-NUV) - Te↵ diagonal sequence and calibrate this color from their Te↵
values. The dot-dashed locus separates the calibration sequence from the UV-excess
population in the lower left. [43]

peratures for our sample by fitting of the Hydrogen balmer lines of the SDSS spectrum to model spectrum. For that purpose we created the synthetic spectra using
SPECTRUM package ([21]). SPECTRUM synthesizes stellar spectra assuming a
plane-parallel atmosphere geometry and local thermal equilibrium (LTE).
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We adopted Kurucz ATLAS12 atmosphere models.3 In order to achieve a more
dense grid of spectra we interpolate the Kurucz models using kmod IDL package.4 .
kmod interpolates linearly a Kurucz model for the desired values of e↵ective temperature, surface gravity and metallicity using 8 surrounding models. Our final grid
consists of spectra with the temperatures in the range 6500 - 10,000 K in steps of 125
K.
The final temperatures were estimated using the Bayesian formalism describe in
section 2.3. Note here we fit the spectral absorption line, rather than photometric
point, therefore our degree of freedom is equal to the number of pixels in a given
line(or the number of wavelength data points). Since we used H

↵ and H

lines in our fitting, we we multiply the individual likelihood to get the final posterior
probability. Finally the point estimates of mean and error in temperatures were
calculated.The mean error obtained for temperatures is 140 K.
We compared the temperatures obtained from our method to those obtained from
the SSPP in order to check the consistency (Figure 10). Both SSPP and our method
predicts consistent values for majority of the stars. Given the uncertainties in our
measurements we continue our analysis with the all the stars except the ones with
Tef f di↵erence larger than 250 K. For the rest of the analysis we consider only the
SSPP values.
3
4

Kurucz models are available at http:kurucz.harvard.edu
http://www.as.utexas.edu/ hebe/
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Figure 3.9: Comparison of temperatures of BSSs in this work with SSPP

We plotted Te↵ values determined from the SSPP vs F U V

N U V color of the

stars in our sample (Figure 3.10). The diagonal sequence in the Figure 3.10 reflects
the relationship between SDSS Tef f and F U V

N U V for the main-sequence stars.

We fit the main diagonal sequence with a quadratic fit and the stars lying outside the
2 from the best fit were selected as UV-excess BSS stars. These are our candidates
for the BSS with a hot WD companion.
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Figure 3.10: (FUV-NUV) vs. SSPP temperature values from SDSS-GALEX data.
The red dashed line is the 2 deviation from the fit to the diagonal sequence. Stars
located left to this line are BSS with UV-excess.

3.2.8

BSS-WD Fitting

In order to obtain the stellar parameters of BSS-WD binaries, we fit the observed
SED of UV-excess stars with a composite model SED consists of BSS and white
dwarf. We employed theoretical grid of spectra developed by Kurucz(2004), in which
the e↵ective temperature, Tef f covers a range from 6000 to 10000 in steps of 250
K, and the surface gravity, logg covers a range from 0.5 to 5. in steps of 0.5, and
metallicity, [F e/H] covers a range from -2.5 to 0.5 in steps of 0.5. In order to use our
SED fitting routine, model spectra were converted to bandpass fluxes, as explained
in next section.
For white dwarf models we employed the theoretical color tables developed by
Bergeron( University of Montreal; private communication). For these models stellar
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Table 3.2: Stellar parameters and photometry of UV-excess BSS
ID

Tef f

log g

915-52443-549 7423 157 3.84 0.49
740-52263-440 7673 129 4.32 0.15
684-52523-47
7004 40 3.88 0.23
3131-54731-429 7936 110 4.36 0.03
2951-54592-114 7615 73 3.93 0.44
2849-54454-349 7083 37 4.21 0.29
1894-53240-211 7441 78 4.19 0.21
2299-53711-626 7742 64 3.93 0.18
2299-53711-453 7460 50 3.88 0.21
2848-54453-473 7032 31 4.14 0.25
1254-52972-515 7672 140 4.2 0.11
1252-52970-306 7791 0
4.14 0.23
2335-53730-480 7468 33 3.98 0.31
3241-54884-335 8029 71 4.13 0.2
685-52203-430 7686 112 3.93 0.36
3130-54740-107 7344 69 4.15 0.22
2252-53565-281 7301 44 4.19 0.16
1961-53299-168 7291 45 4.05 0.19
1960-53289-343 7127 33 4.23 0.17
3138-54740-521 7381 31 4.03 0.3
3138-54740-401 7562 177 4.31 0.16
1857-53182-27 7343 129 4.31 0.2
366-52017-28
7320 60 4.2 0.23
2797-54616-614 8005 47 4.24 0.19
2551-54552-257 7368 100 4.07 0.06
2247-53857-96 7290 68 4.18 0.29
2180-54613-519 7368 46 3.98 0.31
1659-53224-452 7530 40 4.05 0.19
2550-54206-232 7097 80 4.24 0.14
2189-54624-640 7307 61 4.0 0.67
595-52023-92
7542 81 4.11 0.08
1727-53859-288 7045 39 3.84 0.43
2782-54592-113 7445 103 3.88 0.45
3308-54919-447 7368 82 3.92 0.4
2781-54266-417 7768 145 4.37 0.16
2156-54525-520 7483 58 3.89 0.42
3297-54941-411 7411 56 3.98 0.45
2152-53874-290 7557 40 4.14 0.23
3406-54970-104 7191 81 4.32 0.02
3406-54970-518 7335 50 4.25 0.18
3387-54951-106 7979 116 4.21 0.38
3384-54948-315 7403 67 3.89 0.33
1348-53084-179 7652 15 4.19 0.21
2124-53770-535 7005 44 4.08 0.04
2336-53712-115 7469 22 4.07 0.23
424-51893-60
7176 23 3.93 0.11
2445-54573-173 7317 87 4.25 0.34
1282-52759-79 7541 52 3.83 0.35
3377-54950-189 7349 31 4.13 0.35
2899-54568-252 7164 29 4.01 0.12
1456-53115-620 7072 59 3.9 0.27
2661-54505-400 7402 59 4.13 0.12
335-52000-452 7758 159 4.1 0.16
2647-54495-235 7096 51 3.9 0.12
3253-54941-210 7296 41 3.96 0.27
334-51993-267 7270 74 3.94 0.28
3214-54866-426 7159 49 3.85 0.3
2892-54552-128 7256 80 3.84 0.37
3285-54948-131 7509 116 3.94 0.2
2512-53877-326 7061 48 3.86 0.16
3170-54859-111 7520 98 4.23 0.31
878-52353-617 7240 51 4.14 0.31
3193-54830-593 7838 78 4.19 0.22
267-51608-422 7336 59 3.98 0.32
1739-53050-128 7533 73 3.98 0.16
1934-53357-4
7408 39 4.03 0.09
1590-52974-388 7126 23 3.95 0.05
3195-54832-552 7059 34 4.07 0.14
3230-54860-409 7081 54 4.34 0.14
2273-53709-207 7353 128 4.05 0.32
3230-54860-353 7541 69 3.89 0.27
3226-54857-452 8004 116 4.15 0.17
758-52253-5
7930 117 3.99 0.18
2420-54086-395 7780 101 4.07 0.38
2541-54481-384 7282 26 3.87 0.0
2055-53729-37 7297 44 3.99 0.25
3166-54830-409 7203 14 4.18 0.12
3161-54779-445 7351 62 4.04 0.23
2941-54507-638 7097 25 4.09 0.11
2337-53740-222 7100 26 3.89 0.17

[F e/H]

FUV

NUV

u

g

r

i

z

-0.69 0.2
-1.98 0.07
-0.78 0.05
-1.35 0.1
-2.07 0.16
-1.53 0.02
-1.25 0.08
-0.25 0.04
-0.24 0.08
-1.41 0.04
-0.02 0.05
-0.25 0.03
-0.49 0.14
-1.97 0.25
-1.03 0.07
-1.89 0.07
-0.27 0.04
-0.76 0.02
-0.54 0.06
-1.11 0.03
-2.59 0.01
-0.88 0.08
-1.01 0.08
-1.22 0.32
-1.31 0.06
-0.54 0.04
-1.83 0.01
-0.56 0.09
-0.97 0.05
-1.5 0.0
-1.72 0.04
-0.53 0.02
-1.61 0.05
-1.41 0.09
-1.34 0.03
-0.98 0.02
-1.14 0.17
-1.02 0.09
-1.98 0.02
-1.79 0.04
-1.84 0.21
-1.92 0.07
-2.24 0.0
-1.45 0.05
-0.6 0.07
-0.61 0.09
-1.37 0.46
-1.8 0.13
-1.38 0.09
-0.22 0.05
-0.84 0.04
-0.7 0.08
-2.03 0.06
-1.47 0.02
-1.74 0.04
-1.38 0.01
-1.68 0.04
-1.99 0.13
-1.66 0.02
-2.04 0.09
-2.39 0.05
-1.81 0.16
-1.14 0.02
-1.55 0.06
-2.23 0.05
-1.43 0.15
-0.24 0.02
-0.42 0.03
-0.42 0.07
-0.48 0.13
-1.52 0.05
-0.52 0.17
-1.34 0.04
-1.47 0.05
-0.24 0.01
-0.56 0.05
-0.45 0.03
-0.81 0.1
-0.46 0.02
-0.24 0.04

19.0 0.17
19.89 0.24
20.93 0.21
20.08 0.25
19.42 0.24
19.46 0.18
21.18 0.26
21.67 0.43
21.01 0.48
19.47 0.1
18.66 0.38
16.95 0.11
19.14 0.46
19.3 0.21
19.69 0.17
19.87 0.19
21.02 0.39
19.49 0.17
20.9 0.4
21.04 0.45
19.49 0.21
21.53 0.34
21.16 0.37
20.87 0.38
21.51 0.34
20.57 0.34
20.94 0.29
19.56 0.15
21.17 0.36
21.51 0.45
19.07 0.18
21.79 0.43
19.64 0.21
20.9 0.37
20.35 0.26
21.75 0.42
19.99 0.28
19.07 0.16
21.27 0.32
21.91 0.44
20.53 0.4
21.29 0.28
19.6 0.18
21.25 0.45
21.01 0.4
21.31 0.46
21.78 0.34
21.1 0.37
19.95 0.21
20.04 0.23
21.53 0.48
20.64 0.27
19.58 0.19
21.61 0.42
21.47 0.47
21.78 0.41
21.69 0.48
22.22 0.3
18.48 0.1
21.44 0.38
20.12 0.14
20.61 0.3
20.44 0.22
21.55 0.36
20.89 0.37
21.64 0.28
21.86 0.46
20.81 0.39
20.77 0.37
20.97 0.4
21.47 0.49
18.15 0.11
18.47 0.12
21.25 0.35
20.22 0.21
19.97 0.17
20.72 0.34
21.42 0.48
20.89 0.27
19.51 0.17

17.13 0.04
19.35 0.13
18.06 0.03
19.57 0.07
18.64 0.1
17.57 0.05
19.58 0.04
20.53 0.19
19.53 0.16
17.15 0.02
17.5 0.12
16.75 0.06
17.75 0.15
18.9 0.13
18.7 0.08
19.32 0.07
19.05 0.05
18.25 0.07
18.45 0.09
19.95 0.19
19.08 0.12
20.45 0.19
19.37 0.12
20.41 0.26
19.91 0.12
19.57 0.14
18.85 0.06
17.9 0.05
18.61 0.07
19.91 0.11
17.99 0.05
20.25 0.14
19.26 0.12
19.81 0.14
19.28 0.11
20.26 0.14
18.52 0.08
17.47 0.05
19.92 0.11
19.89 0.11
20.07 0.2
19.45 0.07
18.53 0.06
18.57 0.09
19.96 0.19
18.84 0.09
19.85 0.1
19.53 0.11
18.83 0.07
17.51 0.04
18.97 0.05
18.93 0.05
19.11 0.1
19.04 0.09
19.29 0.07
20.32 0.13
19.99 0.16
19.94 0.08
17.79 0.05
18.85 0.04
18.93 0.04
18.79 0.07
19.71 0.11
19.96 0.1
19.31 0.08
20.35 0.12
19.31 0.1
18.9 0.1
18.49 0.08
19.41 0.12
19.89 0.17
17.89 0.02
18.45 0.04
20.17 0.12
18.0 0.04
17.86 0.04
18.28 0.07
19.45 0.13
18.37 0.04
17.98 0.06

15.76 0.02
18.64 0.02
16.41 0.03
18.55 0.03
17.55 0.02
16.22 0.01
18.48 0.02
18.71 0.03
17.69 0.02
15.9 0.01
15.96 0.02
16.28 0.02
16.04 0.05
18.16 0.04
17.26 0.01
18.45 0.02
17.4 0.01
17.61 0.02
16.71 0.02
18.44 0.03
17.77 0.03
18.87 0.03
17.88 0.02
18.74 0.04
18.75 0.02
18.18 0.02
17.75 0.02
16.46 0.02
17.16 0.02
18.71 0.03
16.88 0.02
18.61 0.02
18.33 0.02
18.8 0.03
18.16 0.02
18.71 0.02
17.34 0.02
16.17 0.01
18.77 0.02
18.8 0.02
18.75 0.02
18.29 0.02
17.59 0.02
17.13 0.02
18.5 0.02
17.09 0.02
18.72 0.02
18.32 0.02
17.75 0.02
15.63 0.03
17.32 0.02
17.65 0.02
18.49 0.02
17.62 0.02
17.99 0.02
18.76 0.02
18.55 0.04
18.67 0.02
16.93 0.03
17.48 0.02
17.87 0.02
17.41 0.02
18.66 0.03
18.5 0.02
18.01 0.02
19.02 0.03
17.71 0.02
17.32 0.02
16.74 0.02
18.1 0.02
18.76 0.02
17.58 0.02
18.45 0.03
18.82 0.02
16.32 0.02
16.37 0.01
16.59 0.02
18.2 0.02
16.64 0.02
16.27 0.01

14.71 0.01
17.84 0.01
15.44 0.02
17.53 0.02
16.51 0.02
15.32 0.02
17.44 0.02
17.61 0.01
16.5 0.01
14.95 0.02
15.01 0.01
15.4 0.02
14.98 0.02
17.23 0.02
16.11 0.02
17.45 0.02
16.32 0.02
16.61 0.01
15.68 0.02
17.4 0.01
16.76 0.01
17.9 0.01
16.91 0.02
17.67 0.01
17.58 0.02
17.1 0.02
16.89 0.02
15.39 0.01
16.15 0.01
17.74 0.02
15.89 0.01
17.52 0.02
17.23 0.01
17.95 0.02
17.23 0.02
17.7 0.01
16.33 0.02
15.11 0.02
17.87 0.02
17.9 0.02
17.73 0.02
17.3 0.02
16.59 0.01
16.25 0.01
17.46 0.02
16.04 0.02
17.66 0.02
17.22 0.03
16.84 0.01
14.57 0.02
16.22 0.02
16.61 0.02
17.54 0.02
16.66 0.02
17.06 0.02
17.7 0.02
17.6 0.02
17.82 0.02
15.98 0.03
16.5 0.01
16.86 0.01
16.44 0.02
17.55 0.02
17.5 0.02
16.98 0.02
17.97 0.03
16.58 0.01
16.3 0.02
15.65 0.02
16.86 0.02
17.75 0.01
16.66 0.01
17.75 0.02
17.84 0.01
15.26 0.01
15.32 0.02
15.55 0.01
17.13 0.02
15.65 0.01
15.17 0.01

14.68 0.02
17.89 0.01
15.3 0.01
17.56 0.01
16.49 0.01
15.2 0.02
17.33 0.01
17.61 0.01
16.45 0.01
14.82 0.02
15.07 0.02
15.41 0.01
14.9 0.02
17.32 0.01
16.09 0.02
17.38 0.01
16.24 0.01
16.53 0.02
15.54 0.01
17.31 0.01
16.75 0.01
17.77 0.01
16.86 0.01
17.71 0.01
17.51 0.02
17.05 0.01
16.87 0.02
15.38 0.01
16.04 0.02
17.73 0.01
15.87 0.01
17.42 0.02
17.16 0.01
17.91 0.01
17.31 0.01
17.68 0.02
16.27 0.02
15.11 0.01
17.79 0.02
17.8 0.01
17.73 0.02
17.24 0.02
16.59 0.02
16.12 0.01
17.4 0.01
15.94 0.02
17.57 0.02
17.23 0.01
16.78 0.01
14.46 0.02
16.14 0.02
16.59 0.01
17.61 0.01
16.56 0.02
17.0 0.02
17.63 0.02
17.57 0.02
17.71 0.01
16.03 0.03
16.41 0.02
16.82 0.01
16.33 0.02
17.62 0.01
17.44 0.02
16.81 0.01
17.95 0.02
16.49 0.02
16.22 0.02
15.55 0.02
16.72 0.01
17.71 0.02
16.74 0.01
17.79 0.02
17.8 0.01
15.16 0.03
15.26 0.0
15.46 0.01
17.11 0.01
15.51 0.01
15.04 0.01

14.73 0.01
17.94 0.02
15.27 0.02
17.62 0.01
16.54 0.01
15.16 0.01
17.37 0.01
17.7 0.02
16.5 0.01
14.81 0.02
15.15 0.01
15.48 0.01
14.97 0.02
17.42 0.01
16.12 0.02
17.35 0.02
16.26 0.01
16.54 0.02
15.54 0.02
17.35 0.02
16.73 0.01
17.79 0.01
16.86 0.02
17.81 0.02
17.52 0.02
17.08 0.01
16.87 0.02
15.45 0.02
16.02 0.02
17.75 0.01
15.92 0.01
17.42 0.02
17.12 0.01
17.96 0.02
17.34 0.01
17.74 0.01
16.3 0.02
15.17 0.01
17.77 0.03
17.82 0.01
17.87 0.02
17.25 0.02
16.67 0.02
16.12 0.01
17.45 0.01
15.95 0.01
17.65 0.02
17.29 0.01
16.81 0.02
14.47 0.01
16.18 0.02
16.62 0.01
17.66 0.01
16.55 0.02
17.03 0.02
17.66 0.01
17.55 0.02
17.71 0.01
16.06 0.02
16.44 0.01
16.84 0.02
16.36 0.03
17.66 0.02
17.49 0.02
16.87 0.02
17.98 0.02
16.51 0.02
16.2 0.01
15.58 0.02
16.67 0.01
17.77 0.02
16.86 0.01
17.92 0.01
17.87 0.01
15.17 0.02
15.27 0.01
15.49 0.02
17.22 0.02
15.52 0.01
15.04 0.01

14.82 0.02
18.07 0.03
15.34 0.02
17.59 0.03
16.57 0.02
15.22 0.02
17.43 0.02
17.81 0.03
16.58 0.01
14.88 0.01
15.33 0.01
15.61 0.02
15.02 0.02
17.54 0.02
16.15 0.02
17.43 0.02
16.3 0.01
16.62 0.02
15.57 0.02
17.38 0.02
16.71 0.02
17.88 0.03
16.92 0.02
17.92 0.03
17.52 0.03
17.15 0.02
16.92 0.02
15.55 0.02
16.04 0.02
17.84 0.03
15.98 0.02
17.48 0.02
17.11 0.02
18.04 0.03
17.41 0.02
17.83 0.02
16.32 0.02
15.26 0.02
17.83 0.02
17.86 0.03
17.99 0.02
17.32 0.02
16.69 0.02
16.15 0.01
17.52 0.02
16.0 0.02
17.69 0.02
17.36 0.02
16.84 0.02
14.56 0.02
16.24 0.02
16.71 0.01
17.7 0.02
16.59 0.02
17.08 0.02
17.71 0.02
17.61 0.02
17.77 0.02
16.14 0.03
16.46 0.02
16.89 0.02
16.38 0.02
17.75 0.03
17.56 0.03
17.13 0.02
18.02 0.04
16.57 0.02
16.26 0.01
15.63 0.02
16.62 0.01
17.84 0.02
16.99 0.02
18.05 0.03
17.94 0.02
15.25 0.02
15.35 0.01
15.61 0.02
17.3 0.02
15.57 0.02
15.1 0.01
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masses and cooling ages are obtained from a detailed evolutionary cooling sequences
appropriate for these stars. For the white dwarfs with pure hydrogen model atmospheres above temperatures = 30,000 K, the carbon-core cooling models of Wood
([44]) with thick hydrogen layers of MH /M ⇤ = 104 were used. For temperatures
below 30,000 K, cooling models similar to those described in Fontaine, Brassard,
& Bergeron et. al ([45]) but with carbon-oxygen cores and MH /M ⇤ = 104 were
used. For the pure helium model atmospheres, similar models being used but with
MH /M ⇤ = 10
3.2.9

10 5

.

Synthetic Fluxes

In the course of fitting procedure we calculate synthetic fluxes for both BSS and WD
in GALEX and SDSSS bandpasses. The synthetic spectra can be converted to a
monochromatic flux for a given bandpass via,
R

f

f = Ri

f S d
f
i

where f is the flux at a given wavelength

(3.3)

S d

and S is the filter response at a given

wavelength. The integration limits are the minimum and maximum wavelength of
the bandpass.
3.2.10

Observed Fluxes

The observed, extinction corrected, magnitudes were transformed to fluxes using the
standard formulas. For SDSS bandpasses,
mAB =
5

2.5 log f⌫

48.6

see Bergeron, Leggett, & Ruiz 2001, ApJS, 133, 413 for more details
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(3.4)

Note, here according to definition introduced of Fukugita et.al (1996, [46]), flux
is given in the units of frequency. To express this in terms of
change need to be made is to replace f⌫ by

2

c2

formalism, the only

f .

The FUV and NUV fluxes are determined by means of the conversion,

3.2.11

mF U V =

2.5 log

F lux F U V
+ 18.82
1.40 ⇤ 10 15

(3.5)

mN U V =

2.5 log

F lux N U V
+ 20.08
2.06 ⇤ 10 16

(3.6)

SED Fitting

In the fitting process we minimize the following chi-square function:

2

=

X

(↵2 fwd,i +

2

fbs,i

Fi )2

2
F,i

i

(3.7)

Where i sum over all bandpasses.
fbs,i , fwd,i , Fi are the flux of the BSS model, flux of the WD model and flux of the
observed star respectively. ↵ = (Rbs /D) and

= (Rwd /D) are scale factors depend

on radii(Rbs and Rwd ) of each component and the distance (D).
The radii of both components (Rbs , Rwd ) and distance are necessary as scale factors
for the individual fluxes when combining the atmosphere models of both components
to a single SED. However, for WD models the mass and the surface gravity is known.
So for each model in the grid we can calculate the radius, according to:

RW D =

s

GMW D
gW D

(3.8)

For the BSS, we first obtain absolute magnitude calibration for our sample. we used
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transformation equations given in Zhao & Newberg(2006, [47]), which were derived
from the SDSS stars with known UBVRI photometry, including a sample of BSS
stars.

V =g

(B

0.561(g

V ) = 0.916(g

r)

0.004

(3.9)

r) + 0.187

These transformations are valid within the range

0.5 < g

(3.10)

r < 1.0,([48]) which

is consistent with the color range we adopted here.
Using the V magnitude we obtained from Equation 3.9, we can now calculate the
absolute magnitude in V band (Mv )using the relation given in Kinman et al.(1994,
[49]):
Mv = 1.32 + 4.05(B

V)

0.45



Fe
H

(3.11)

This relation was constructed by studying the BSSs in globular clusters with
di↵erent metallicities covering a wide range of colors and absolute magnitudes.
The luminosity of the star can be then, found by using the Mv and bolometric
correction as,
✓

L
Lo

◆

= 10

0.4[Mv Vo 31.752+(BCv BCv,o )]

(3.12)

Where for the bolometric correction we adopt the values given by Torres(2010)
[50] :
Vo =

26.75

BCv,o =

0.09 and

BCv = a + b(logTef f ) + c(logTef f )2 + ...
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Coefficient

Value
(3.70 < logT ef f < 3.90)

a
b
c
d
e

-0.370510203809015E+05
0.385672629965804E+05
-0.150651486316025E+05
0.261724637119416E+04
-0.170623810323864E+03

Table 3.3: Bolometric Corrections by Flower (1996) as a Function of Temperature:
BCv = a + b(logTef f ) + c(logTef f )2 + ...
The BCv coefficients are give in Table 3.5 which was adopted from Torres(2010)
[50].6
Then, the radius of the BSS can be estimated using the relation,
✓

R
Ro

◆

=

To
Tef f

!2 ✓

To select the best fit white dwarf model, the

L
Lo

2

◆0.5

(3.13)

value of each fit is calculated using

the equation 3.7. The optimal SED fits for some of the stars are shown in Figure 3.11.
The presence of a hot white dwarf companion in a BSS binary causes the excess FUV
emission of the system. This is clear in Figure 3.11. The expected emission from
BSSs without WD companions is much fainter than the observed flux at FUV. But
adding WD companions of increasing temperature results in bright, blue emission as
evidence by the best fitting composite model (Grey line in Figure 3.11).

3.2.12

Distribution of WD parameters

In this section, we present the distributions of mass, age and e↵ective temperatures
of the white dwarfs determined from our SED fitting routine. The values are given
6

Note that these BCv coefficients are reprint from the often used polynomial fits by Flower(1996),
which were misprinted in the original publication.
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Figure 3.11: Example of BSS+WD fitting. Orange circles are the observed FUV,NUV
and u photometry. Blue and Red lines represent the synthetic spectra of BS
(ATLAS9- Kurucz) and WD (Bergeron) respectively.Grey is the combined best fit
spectrum for observed photometry.
in table 3.
The most striking features of the distributions are: Vast majority of white dwarfs
are very young (few million years old, See figure 3.11) and with temperatures range
between 20000 - 40000 K (see figure 3.12).
This is consistent with our initial selection criteria of BSS, as recently formed BSS
are expected to have mush larger UV excess.
The white dwarf mass distribution is shown in the bottom panel of figure 3.11.
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Figure 3.12: White Dwarf parameters
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One interesting feature of the mass distribution is the peak at white dwarf mass
0.41 M . White dwarf stars with masses below 0.47 M are thought to be He-core
white dwarfs. ( Core helium ignition starts when the core mass is roughly 0.47M )
If these stars were single stars, they would have main sequence life times that are
longer than age of the Universe. Therefore these stars must be a product binary star
evolution.
Only possible scenario for having such low mass white dwarf is case-B binary mass
transfer. At this stage expanding red giant core has not yet fully grown, therefore
the resultant white dwarf will appear with a smaller mass.
On the other hand white dwarfs with masses > .5M are consistent with theoretical predictions from the Case-C mass transfer hypothesis. Case-C mass transfer
(from an asymptotic giant to a main sequence star) leaves a carbonoxygen white
dwarf companion with a mass of about .5 M -0.6 M dictated by the core mass of
the asymptotic giant donor at the end of the mass transfer phase ([51]).
The WD Mass distribution in the Galactic field peaks at about 0.59 M

and

exhibits a significant low- mass tail of white dwarfs with masses lower than 0.45
M which peaks at 0.40 M ([52]) (Figure 3.13). That white dwarfs predominantly
found in close binary systems, mostly with another white dwarf or a neutron star
companion ([53]). Interestingly, the low mass end of this distribution is consistent
with our results as well.
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Figure 3.13: This figure adopted from [52] shows the comparison of the SDSS DR7
WD mass distributions from their work (black) and Kleinman et al. (2013, filled blue).
The low-mass objects (red; M < 0.45 M ) are thought to be the WD originated from
binary mass transfer processes.

The presence of any detected WDs can be used to map out the history of mass
transfer-formed BSSs.
3.2.13

Mass Transfer efficiency

Mass transfer efficiency , which is defined as the mass fraction of the lost mass from
the primary accreted by the secondary, is an important parameter that determines the
character of the BSS. This has been a major issue for the binary evolution calculations.
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Table 3.4: Stellar Parameters of WD stars
ID

WD Te↵

WD mass

WD age(My)

915-52443-549
740-52263-440
684-52523-47
3131-54731-429
2951-54592-114
2849-54454-349
1894-53240-211
2299-53711-626
2299-53711-453
2848-54453-473
1254-52972-515
1252-52970-306
2335-53730-480
3241-54884-335
685-52203-430
3130-54740-107
2252-53565-281
1961-53299-168
1960-53289-343
3138-54740-521
3138-54740-401
1857-53182-27
366-52017-28
2797-54616-614
2551-54552-257
2247-53857-96
2180-54613-519
1659-53224-452
2550-54206-232
2189-54624-640
595-52023-92
1727-53859-288
2782-54592-113
3308-54919-447
2781-54266-417
2156-54525-520
3297-54941-411
2152-53874-290
3406-54970-104
3406-54970-518
3387-54951-106
2337-53740-222

45000.0
120000.0
20000.0
70000.0
55000.0
30000.0
35000.0
35000.0
25000.0
25000.0
85000.0
120000.0
30000.0
120000.0
70000.0
60000.0
30000.0
65000.0
20000.0
30000.0
55000.0
40000.0
35000.0
60000.0
35000.0
50000.0
35000.0
35000.0
25000.0
50000.0
50000.0
35000.0
50000.0
85000.0
75000.0
40000.0
35000.0
35000.0
35000.0
35000.0
55000.0
30000.0

0.68
0.7
0.39
0.56
0.51
0.43
0.45
0.45
0.41
0.41
0.6
0.7
0.43
0.7
0.99
0.53
0.43
0.54
0.39
0.43
0.51
0.46
0.45
0.53
0.45
0.5
0.45
0.45
0.41
0.5
0.5
0.45
0.5
0.6
0.57
0.46
0.45
0.45
0.45
0.45
0.51
0.43

2.81
0.07
31.7
0.57
1.29
9.66
4.59
4.59
16.8
16.8
0.27
0.07
9.66
0.07
0.6
0.96
9.66
0.74
31.7
9.66
1.29
3.1
4.59
0.96
4.59
1.69
4.59
4.59
16.8
1.69
1.69
4.59
1.69
0.27
0.45
3.1
4.59
4.59
4.59
4.59
1.29
9.66
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Because of its uncertainty most calculations treat it as constant value.([54], [55]). Lu.
p et.al used monte carlo simulations to calculate the models to investigate the origin
of BSSs population in M67. In their calculations they used the

= 0.5 and

= 1.0

(fully conservative mass transfer, i.e. no mass or angular momentum loss from the
system) and found that the higher value could reproduce the data better.
Using the WD parameters we obtained via the BSS-WD fitting can be used to
infer the lower limit of this important parameter.
The amount of mass transferred from the now WD to BSS, Mt ,
Mtrans = Mi

Mwd

(3.14)

where Mi is the progenitor mass of the WD.
We interpolate theoretical relations which were constructed using BaSTI evolutionary models(Pietrinferni et al., 2006([56])) so that we can calculate the progenitor
mass at a given metallicity and age (Figure 3.14).
We adopted the non-canonical BaSTI models with the mass loss efficiency of
the Reimers law(Reimers 1977) set to ⌘ =0.2. The initial He mass fraction ranges
from 0.245 to 0.303, for the more metal-poor to the more metal-rich composition,
respectively. The adopted BaSTI models cover twelve metallicity bins: Z=0.0001,
0.0003, 0.0006, 0.001, 0.002,0.004, 0.008, 0.0100, 0.0198, 0.0240, 0.0300 and 0.0400.
Jo↵re P. et. al (2011, [57]) estimated the age of the field halo stars using as sample
of SDSS stars. The estimated the mean age 11 giga years, which we adopted in our
calculations to determine the mass from interpolated BASTI models. The field stars
Jo↵re P. et. al used in their study has a metallicity of -1.6 dex. To be consistant
with that work we limited our sample to the stars with [F e/H] < -1. This reduce
our sample to 35 stars.
Following as similar procedure, we can determine the mass of the BSS MBSS
by using the theoretical relations and the temperature the of the BSS. However to
calculate the amount of mass transferred one would require the initial mass of the
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Figure 3.14: Theoretical mass-age relations from BaSTI evolutionary models.
secondary star (Now BSS), where the exact value is impossible to infer. But we can
estimate the lower limit of the transferred mass by considering the halo turno↵ mass
of 0.8 M ,
Then the mass accreted on to the secondary (now BSS) is given by,

Macc = MBSS

0.8

(3.15)

Now this will give us the lower limit of the mass transfer efficiency.
The derived

values are shown as cumulative histogram in Figure 3.15. All the

stars have mass transfer efficiencies above
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⇠ 0.5.

Figure 3.15: Cumulative distribution of mass transfer efficiency

The value we obtained for the lower limit of

is important to show that the nature

the mass transfer. Since the majority of the stars tend to have larger

implies that

in these binaries the conservative mass transfer is favorable.

3.3

Summary

We utilized UV-optical SED study of the BSS binaries in the Galactic field. Using
our fitting routine we identified the WD companions to field BSSs which formed
through ass transfer. We found these BSS has significant FUV excess by comparing
the observed SED to a composite model with WD and BSS components.
We found WDs are not more than few million decades years old, suggesting mass
transfer in these binaries ended very recently. In addition we conclude that majority
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of the WDs are helium WDs. The obvious way to produce such low mass stars is via
the mass transfer process of RGB star in a binary system.
Combining the WD stellar parameters with the evolutionary models we estimated
the lower limit of the binary mass transfer efficiency in these stars to be,

= 0.5.

In order to determine the exact formation mechanisms for a particular population
of BSSs a detailed characterization of the BSSs is needed. This require determining
the rotation velocities and binary orbital parameters. Since the formation channel
for BS binaries can distinguish from the type of companion star expected, it is vital
to identify the observational constraints of the companion. In addition these binaries
will be good test cases for more sophisticated mass transfer modeling e↵orts in the
future.
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Chapter 4 Canis Major Overdensity

4.1

Introduction

The existence of strong elliptical-shaped stellar overdensity, close to the Galactic plane
at (l = 240, b = 8), in the constellation of Canis Major was identified by Martin et. al
in 2004 ([58]), based on the analysis of red giant stars of the 2 Micron All Sky Survey
(2MASS). They identified the large scale Galactic asymmetry in stellar distribution
above and below the Galactic plane and was first interpreted as a remnant of a
disrupting dwarf galaxy.
In addition their follow up spectroscopic study showed that that the M-giants
in Canis Major Overdensity (CMO) has average velocity of 109 km/s with a low
dispersion, which is not consistent with the expected velocity for thick disk stars,
thus supporting their initial hypothesis.
The idea of external origin is consistent with current paradigm of galaxy formation, which states that large disk galaxies like our Milky Way can be formed by the
accretion of smaller systems of dark matter, stars and di↵use gas. Therefore merging dwarf galaxy has been thought to be the progenitor of the, so called Monoceros
stream, a low-latitude stellar stream encircling the Milky Way about 100 degrees at
a galactocentric distances from 15 kpc to 20 kpc ([59]). Penarrubia et. al (2005,
[60]) attempted to figure out the current location of the progenitor of the Monocerros
stream through N-body dynamical modelling. They have shown that it is possible to
find a model that explains all the detected parts the stream that is consistent with
CMO being the projenitor of the stream.
Another hypothesis regarding the origin of CMO is that the overdensity is due
to an e↵ect of the stellar component of the warp of the Galactic disk. Momany
et. al (2004, [61]) showed that the overdensity can be explained by a simple shift
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of the Galactic plane by 2 degrees to the south. They compared the kinematics
of CMa M-giant selected sample with Galactic disk stars in the UCAC2 catalog and
found no abnormality in proper motion, suggesting CMa stars represent the thick disk
kinematics. In addition Using the UCAC2 proper motion catalogue, they showed that
stars composing the overdensity are rotating around the Milky Way in a prograde
manner and at a tangential velocity that is compatible with the disc.
One of the main obstacles for resolving this issue of CMO origin is the very high
extinction in the Galactic disk. Due to it’s position at very low galactic latitude the
stars in CMO su↵ers significant extinction from dust and gas. Many of the studies
of CMD have adopted their reddening values from the maps presented by Schlegel
et. al(1998,[62] ). Some authors suggested that Schlegel maps overestimated the
reddening values for E(B

V ) > 0.2 ([63]). Momany et. al (2006, [53]) used the

reddening values adopting the reddening corrections as suggested by Bonifacio, and
showed that the e↵ect of reddening in detecting the overdensity (Figure 4.2).
In this work we present a photometric and spectroscopic study of sample of red
clump of stars along the line of sight of the center of the CMO. We use these stars
to measure the Galactic extinction towards the CMa and estimate the kinematic
signature towards the CMO.
4.1.1

Red Clump Stars

The red clump is a prominent feature in the color magnitude diagrams of intermediateage star clusters. This represents moderately high metallicity, low mass stars in the
stage of He-burning in their cores. Due to their relatively large convective envelopes,
they appear at the redder end of the horizontal branch close to the first-ascent red
giant branch. Theoretical models predict that their absolute luminosity fairly weakly
depends on their age and chemical composition. This constant intrinsic luminosity of RC stars gained significance as standard candles so they are widely used as
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Figure 4.1: Latitude profiles of a 2MASS M-giant star sample selected around CMa.
Upper-left panel assumes a North/South symmetry around b = 0 , lower-left panel
assumes a warp amplitude of 2 in the southern direction. Star counts in left panels
are corrected for reddening using the Schlegel et al. maps. Right panels show the
same plots, except for correcting the Schlegel et al. values with the formula given in
Bonifacio et al. showing the CMa over-density has almost disappeared.
probes of stellar distances, ages, kinematics, and extinctions ([64], [65]). The absolute magnitude-color diagram obtained from Hipparchus data clearly shows this
compact nature of the absolute magnitude such that the variance in the I-band is
only about 0.15 mag (Figure).
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Figure 4.2: The number of red clump stars in the solar neighborhood, based on
Hipparchus data,is shown as a function of absolute magnitude of I band with the
thin solid line (fit and histogram).The number of red clump stars in the G302 field
(Holland et al. 1996), is shown as a function of absolute magnitude with thick solid
line. All distributions are normalized. Adopted from [66]

4.1.2

Observational Data

The data for this study come from two sources. The photometric data in Johnson
U,B,V,R and I bands were come from a photometric survey conducted by Giovanni
Carraro. The original data set consists of 670 stars, observed along the line of sight of
the expected center of the CMD. All of these stars were observed in 2MASS survey,
so we extracted the 2MASS J,H and K band photometry for these stars by crossmatching the catalogues. While we working on this project, the first data from the
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Pan-STARRS1 (PS1-DR1) was released ([67]). By positional cross matching of PS1DR1 catalogue with our data, we obtained PS1 photometry for all the stars in our
sample. The PS1 survey used a 1.8 meter telescope and its 1.4 Gigapixel camera to
image the sky in five broadband filters (g, r, i, z, y).
Kenneth Carrel1 conducted a spectroscopic survey on a selected sample from
Carraro’s photometric data. From the photometric data he selected candidate RC
and Blue Plume (BP) stars based on their position on V

(V

I) color-magnitude

diagram (Figure 4.3). These candidates stars were observed using the AAOmega
spectrograph at the Anglo-Australian telescope. The spectra has resolution of 2000
and average signal to noise ratio of 25.

4.2

Analysis

4.2.1

Red Clump Selection

As mentioned in previous section, our initial candidates of red clump stars were
selected using the V

(V

I) color-magnitude diagram (Figure 4.3). While the

chosen color-magnitude cut encompasses majority of red clump stars, it also allows
for the inclusion of large number of contaminating nearby main-sequence stars and
G,K giant stars from the Galactic disk.
To minimize the contamination from both the main sequence and red giant stars
we estimated their stellar parameters.
4.2.2

Separating RC from Giants

Bovy et. al (2014, [68] ) presented a method to limit the contamination from red
giants while building the APOGEE-RC catalog. using stellar evolutionary models
and high quality asteroseismology data they were able to calibrate and identify large
number of red clump stars from the APOGEE data. They applied temperature
1

http://www.angelo.edu/
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Figure 4.3: The CMD in the V vs V-I plane of all stars in the direction of the CMO.
Data points in red indicate stars belonging to the red clump. For the clarity the Blue
Plume stars are also highlighted in blue.
dependent cuts to identify the systematic di↵erences between the RGB and RC stars
that have similar metallicities. These cuts are valid only if the accuracy of the stellar
parameters are comparable with that of APOGEE data. Currently spectroscopic
pipeline for APOGEE has the errors 200 K for temperature and 0.2 dex for both
log g and metalicity.
Anna q Ho et. al.(2017, [69]) present a data-driven method (this package is called
The Cannon) applied to spectral modeling to determine the stellar parameters of the
low-resolution LAMOST giants. Using overlapping data set from both surveys as a
training set they measured LAMOST stellar parameters with typical uncertianities of
70 K in Tef f , 0.1 in log g and 0.1 in [F e/H], and 0.04 in [↵/M], values comparable to
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the conservative APOGEE DR12 uncertainties. This method increases the accuracy
of LAMOST data set significantly.
In order to get a much cleaner sample of red clump of stars we decided to use
The Cannon to measure the stellar parameters for our stars using the LAMOST
giants as the training set. The applicability of the spectral model created by The
Cannon is limited by the bounds of the training set. Therefore we need to restrict
our test set such that they are reasonably close to the training set. To that end we
employed spectrum fitting package ULySS to measure stellar parameters, to select
the candidate giant stars from our sample.
4.2.3

Atmospheric Parameters using UlySS

The spectrum fitting package ULySS2 was developed by Koleva et. al(2009,[70])
Main technique behind this package is minimizing

2

between an observed spectrum

and a linear combination of non-linear models. UlySS constructs a model spectrum
using the MILES interpolator, presented in Prugani et. al (2011, []) using MILES
spectral library. The interpolator returns a spectrum for any temperature, metallicity,
and gravity by an interpolation over the entire MILES library. Then the program
identifies the best fitting parameters for a given observed spectrum. For our sample,
fit is performed over the wavelength range 3900 - 6800 Å.
The results from UlySS stellar parameters are shown in Figure 4.4. Based on
their distribution in the Tef f

log g plane it is possible to separate high gravity main

sequence stars from giants with ease.
By applying a simple cut of log g < 4.0 and Tef f > 4500, we selected a sample of
217 red giants stars. Then from this giant sample we need to identify individual RC
candidates in order to continue our analysis.
2

http://ulyss.univ-lyon1.fr/
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Figure 4.4: The stellar parameters derived from ULySS spectrum fitting.
4.2.4

The Cannon

The Cannon is a data driven method that construct a generative model based on
the spectra in the training set. It constructs a probability density function (pdf) as
a function of ’labels’ (stellar parameters) for the flux of the spectra as a function
of wavelength. The spectral model is characterized by ✓ the coefficients at each
wavelength

and ln some function built from the labels of the training set:

fn = ✓ ln + noise
The noise is an rms combination of the associated uncertainty variance
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(4.1)
2
n

of

each of the pixels of the flux from finite photon counts and instrumental e↵ects and
the intrinsic variance or scatter of the model at each wavelength of the fit, s2 . This
model assumes that the noise model is a Gaussian random number with zero mean
and unit variance.
In the test step, the spectral model is being used to predict the labels to the
test spectra. This is the inverse of the Equation 4.1. Here The Cannon uses the
spectral model coefficients and scatter, to be exactly those that were determined in
the training step. Then the pixels and fluxes of a test spectrum are optimized for the
labels of that star.
To be used by The Cannon any spectroscopic data set must satisfy the conditions
laid out in Ness et al. (2015, [71]). The spectra must have same resolution, wavelength
coverage and must be continuum normalized. In addition each spectrum must be
accompanied by a noise spectrum.
4.2.5

Training Step

In training step The Cannon uses the objects in training set to train the model.
We define the label vector, ln of the equation (4.1), to be a quadratic function of
labels.
4.2.5.1

LAMOST Data

LAMOST, also called the Guo Shou Jing Telescope, is a 4-meter reflecting Schmidt
telescope with 4000 fibers on a 20-square degree focal plane ([72]). The LAMOST
survey is planned to observe more than 5 million low resolution stellar spectra during
its 5-year survey. The resolution of the spectra are around 1800 which is consistent
with the resolution of our sample.
We selected a subset of LAMOST stars as our training set, presuming the labels
determined by Anna q Ho et. al.(2017, [69]) to be ground truth. In selecting the
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training set we adopt following cuts in labels: 4100 < Tef f < 5500, 1 < log g < 4.
and 1 < [F e/H] < 4..
Figure 4.5 shows the first order coefficients of the labels in the spectral model.
The higher the coefficient at a given wavelength, the more the flux is sensitive to
the label at that wavelength. Note there are many regions where the di↵erent labels
dominates in contribution to the flux. It is evident that spectral feature likes Mg I,
Na I D, and the Ca II triplet are all sensitive to the Tef f , log g and [F e/H].
4.2.6

Test Step

Using the spectral model we developed in the train step we derived the labels for our
test stars. The newly derived stellar parameters are show in figure 4.6. The mean
metallicity of the stars is ⇠ -0.30. which is consistant with the mean meatallicity of
the thick disk at this distance.
The errors in The Cannon are determined from the covariance matrix of the model.
The typical uncertianities of the test labels are 70 K Tef f , 0.1 for log g and 0.1 for
[F e/H].
4.2.7

RC Sample

Based on the stellar parameters derived we then proceeded to select the RC stars
from our sample. We followed the methodology described in Bovy et.al([]).
We start with the cut,

1.8 < log g < 0.0018dex/K(Tef f

To ([F e/H])) + 2.5

(4.2)

where,
To =

382.5K/dex[F e/H] + 4607K

(4.3)

Our final RC sample include 74 stars. Using this sample we can estimate the
reddening and the kinematics towards the CMO.
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Figure 4.5: First-order coefficients and scatter of the spectral model.
4.2.8

Reddening Estimation

To estimate the individual reddening of each star we fit the observed energy distribution to a best fit model SED. Since we already know the stellar parameters we can
select the model SED that best represent the observed star. The di↵erence in the
model the observed SED depend two parameters, the distance to the star and the
extinction. These are treated as free parameters in our fitting routine.
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Figure 4.6: Stellar parameters derived from The Cannon.
The best fitting reddening value is obtained by minimizing the following function.

2

=

n
X

(fi,o

↵fi,m 10
2
i,o

n=1

n : number of photometric points
fi,o : observed flux in band i
fi,m model flux in band i
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0.4ki E(B v) 2

)

(4.4)

ki : extinction coefficient for a given passband i
i,o

: observation error in flux in band i

↵ = (R/D) : a scaling factor depends on radius R and distance D.
The SEDs were constructed using the all available flux data including Johnson,
2MASS and PS1. The photometric magnitudes were converted to flux using the
relation;

m=

2.5log(f ) + ZP

(4.5)

Magnitude zero points are adapted from Bessel (1990, [73]) and Tonry et. al
(2012, [74]).

Figure 4.7: Stellar parameters derived from The Cannon.

The histogram of E(B

V ) for individual star are shown in figure 4.7. The

distribution has mean value of E(B

V ) = 0.19. This in agreement with the value
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predicted at the center of CMO by Schlegal et. al maps. In addition the recent 3D
dust maps constructed by Green G. et. al indicates average reddening of E(B

V)⇠

0.20 towards this location.
4.2.9

Distance Measurements

Given the reddening values obtained in the previous section, we now proceed to
analyze the distribution of RC stars. We start o↵ by looking at the heliocentric
distances to the CMO.
In order to estimate the distances to individual stars we require absolute magnitude. There are many absolute magnitude calibrations of RC stars using di↵erent
photometric bands (For example [75] and [76]).
The average absolute Ks magnitude of nearby RC stars is well-calibrated using
Hipparchus parallaxes. We choose the recent Laney et al. (2012) calibration of
MK =

1.61 of local RC stars. This calibration is in very good agreement with

the work of Alves (2000, [77]), but is 0.07mag brighter than the calibration of van
Helshoecht, V. et. al ([78]).
The distance to a star from the Earth is given by,

Dhelio = 10

k MK
5

2

(4.6)

The calculated distances to the individual stars is shown in Figure 4.8. Standard
error analysis o↵ Equation 4.6 gave the average distance error of 15%.
As can be seen in the Figure 4.6, the stars located at centered around 8 kpc. This
is consistent with the CMO distance estimated by Martin et. al.(2004) and Bellazini
et.al.
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Figure 4.8: Heliocentric distance distribution of RC stars.
4.2.10

Velocity Distribution

The line of sight velocities (Vhelio ) measured from RC spectra are with respect to the
sun. We converted the Vhelio to line of sight velocity with respect to the Galactic
Standard of rest using the relation given in Li et al. (2012, [79] and Dehnen et.al.
(1998, [80]),

VGSR = Vhelio + 10coslcosb + 220.0sinlcosb + 7.2sinb

(4.7)

Also, the heliocentric distances can be converted to the Galactocentric distance
using the following equation.

DGC =

q

[Dhelio cosbcosl

2
2
D ]2 + Dhelio
cos2 bcos2 l + Dhelio
sin2 b
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(4.8)

where we adopt the distance to the Galactic center D = 8.0 kpc, according to
Boehel et. al. (2016, [81]). Figure.. show the distance vs velocity with respect to the
Galactic Standard of rest. Dashed lines represent the Galactic rotational velocities
evaluated at the location of the CMO. These lines were constructed for three di↵erent
rotational velocities v = 150, 180, 210km/s using the following relation.

VGC = p

8.0 V cosbcosl
DGC cos2 bcos2 l 8.0 cosbcos2 l

(4.9)

The average azimuthal velocities of the Galaxy are v = 15, 180, 215km/s for
the halo, thick disk and thin disk respectively ([81]). Figure 4.9 implies that stars
in our sample follow either thick disk or thin disk velocities. In addition the large
velocity dispersion of the sample suggests that these stars are a part of dynamically
hot component, in contrast to a dynamically cold merger remnant.
4.2.11

Alpha Element Abundance

Analysis of the elemental abundance patterns in thick-disk stars is very useful in
unraveling the information about the Galactic evolution. The ratio of Alpha Element
Abundance to iron [↵/F e], is one of the most important measurement that provide
information about the star formation history in the Galaxy.
The observed [alpha / Fe] trend with [Fe/H] is due to the time delay between SN
II, which produce alpha elements and iron-peak elements (Arnett 1978, [82]), and SN
Is, which yield mostly iron-peak with little alpha element production.
Studies of disk dwarf stars by several authors confirmed the trend of increasing
[alpha / Fe] with decreasing [Fe/H] in the Galactic disk. Hayden et. al (2014, [83])
Used a sample of 69,919 red giants from the SDSS-III/APOGEE Data Release 12, to
measure the distribution of stars in the [↵/F e] vs. [F e/H] plane. They found that
the location of the high-alpha sequence is nearly constant across the disk, however
there are very few high-alpha stars at R > 11 kpc (Figure 4.10).
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Figure 4.9: BSS-BHB separation in SDSS data using the stellar parameters
Anna Ho et. al. measured the alpha element abundance for the all LAMOST
DR12 giants using The Cannon. This was the first attempt to measure the [↵/M ]
for these objects but cautioned about their accuracy given the limits in their training
set. Nevertheless, we attempted to measure [↵/M ] with The Cannon using LAMOST
training data. The distribution of the stars in the ([F e/H], [↵/M ]) plane is shown in
the figure.

72

Figure 4.10: Stellar distribution of stars in the [/Fe] vs. [Fe/H] plane as a function
of R and |z|.

Figure 4.11: Distribution of stars in the [/Fe] vs. [Fe/H] plane for our stars.

In order to compare our results with Hayden et. al, we calculated the vertical
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distance to stars from the Galactic plane (Z height). This can easily be calculated
from the distance and the declination angle using the equation, Z Height = DGC sinb.
The distribution of Z Height is give in Figure 4.12.

Figure 4.12: Distribution of the height to the stars from the Galactic plane.

According to Figure 4.10, there are very few alpha-enhanced stars beyond the
Galactocentric distance of 11 kpc. Interestingly, our sample is dominated by highalpha stars, with the average value of [F e/H] ⇠ 0.2 dex.
The disk stars formed via the merger or accretion could be the origin of -enhanced
sequence observed in Milky Way. Brook et.al. (2005, ) simulated the thick disk formed
via multiple gas-rich minor mergers, to show the origin of the alpha-enhanced stars
with relatively low-metallicity like our sample.
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4.3

Summary

Using sample of red clump stars, we were able to estimate the chemical and kinematical charactor of the Canis Major Overdensity. The overall metallicity is in agreement
with expected value for thick disk stars at this distance. The avarage alpha abundance for these stars is ⇠ 0.25 dex. This is in contrast with the few low-alpha stars
observed at Galactocentric distances > 11 kpc of Hayden et.al.
The kinematic distribution of RC stars supports a mixture of thin/thick disk stars,
while the large dispersion of the velocity does not favor a dynamically cold structure.
Few of the concerns we had during this study needs to be mentioned here.
The temperatures of the stars obtained from ULySS are 300 K higher than the
temperatures obtained from The Cannon. This same o↵st was observed between the
temperatures calculated from the spectrum fitting package, SPAce (Stellar Parameters and Chemical abundance Estimator)3 and The Cannon. However, the temperatures obtained from The Cannon are consistant with temperatures predicted by both
stellar isochrones and the APOGEE catalog at this metallicity.
As a test study we estimated E(B
ULySS. This gave us mean E(B

V ) using the stellar parameters adopted from

V ) of 0.3. A separate study conducted by our

group using the Blue Plume stars also predicted E(B

V ) ⇠ 0.3 towards the CMO.

Interestingly, this is in agreement with the Galactic dust maps obtained from Plank
collaboration.
Also, we estimated the [↵/F e] for our sample using the SPAce. This gave us mean
[↵/F e] ⇠ 0., which is consistant with the Hayden et.al. (2014). Again, we emphasize
that the [↵/F e] derived from The Cannon depend on the accuracy of the [↵/F e]
estimates of the training set and the accuracy of the LAMOST [↵/F e] values are not
being fully tested yet.

3

http://dc.g-vo.org/

75

Chapter 5 Summary and Conclusion

In this work we utilized many di↵erent strategies to determine the stellar parameters
of individual stars. To that end we used all available flux data for a given star. The
main conclusions of the work can be summarised as follows.

5.1

Stellar Parameters in UV

We evaluated the consistency between observed energy distribution of metal-poor
A-type stars and that of Kurucz(ATLAS12) models, especially focusing on the UV
wavelengths. We noticed that the observed and model energy distributions agreed
quite well overall, with slight deviation at far-UV wavelengths. We have estimated
that the model fluxes below 2000 Å predict less flux than the observed flux.

5.2

Blue Straggler Stars in the Galactic Field

Combining the flux data from optical and ultraviolet surveys, we were able to adentify
85 hot and young white dwarf companions to field blue straggler stars and measure
their stellar parameters. Based on the WD parameter distribution we conclude that
majority of the WDs are helium WDs formed through case-B mass transfer. Combining the WD stellar parameters with the evolutionary models we estimated the lower
limit of the binary mass transfer efficiency in these stars to be,

5.3

= 0.5.

Canis Major Overdensity

The chemical and kinematical charactor of the red clump stars of the Canis Major
Overdensity suggest an in-situ origin of the CMO. The kinematic distribution of
RC stars supports a mixture of thin/thick disk stars, while the large dispersion of
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the velocity does not favor a dynamically cold structure. The measured interstellar
reddening towards CMO is in agreement with the work of Schlegel et. al (1998).

Copyright c Gemunu Ekanayake, 2017.
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Gänsicke, A. Schwope, J. Gallardo, and D. Koester. Post-common envelope binaries from SDSS - XIV. The DR7 white dwarf-main-sequence binary catalogue.
MNRAS, 419:806–816, January 2012.
[43] M. A. Smith, L. Bianchi, and B. Shiao. Interesting Features in the Combined
GALEX and Sloan Color Diagrams of Solar-like Galactic Populations. AJ,
147:159, June 2014.
[44] M. A. Wood. Theoretical White Dwarf Luminosity Functions: DA Models. In
D. Koester and K. Werner, editors, White Dwarfs, volume 443 of Lecture Notes
in Physics, Berlin Springer Verlag, page 41, 1995.
83

[45] G. Fontaine, P. Brassard, and P. Bergeron. The Potential of White Dwarf Cosmochronology. PASP, 113:409–435, April 2001.
[46] M. Fukugita, T. Ichikawa, J. E. Gunn, M. Doi, K. Shimasaku, and D. P. Schneider. The Sloan Digital Sky Survey Photometric System. AJ, 111:1748, April
1996.
[47] C. Zhao and H. J. Newberg. Transformation from SDSS Photometric System
to Johnson-Morgan-Cousins System in HK Survey. ArXiv Astrophysics e-prints,
December 2006.
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H.-T. Lee, S. Lépine, J. Li, X.-W. Liu, K.-K. Pan, J. A. Sellwood, B. Wang, H.C. Wang, F. Yang, B. Yanny, H.-T. Zhang, Y.-Y. Zhang, Z. Zheng, and Z. Zhu.
LAMOST Experiment for Galactic Understanding and Exploration (LEGUE)
The survey’s science plan. Research in Astronomy and Astrophysics, 12:735–
754, July 2012.
[80] W. Dehnen and J. J. Binney. Local stellar kinematics from HIPPARCOS data.
MNRAS, 298:387–394, August 1998.
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